Background: Brucella abortus is an intracellular zoonotic pathogen which causes undulant fever, endocarditis, arthritis and osteomyelitis in human and abortion and infertility in cattle. This bacterium is able to invade and replicate in host macrophage instead of getting removed by this defense mechanism. Therefore, understanding the interaction between virulence of the bacteria and the host cell is important to control brucellosis. Previously, we generated internalization defective mutants and analyzed the envelope proteins. The present study was undertaken to evaluate the changes in early transcriptional responses between wild type and internalization defective mutants infected mouse macrophage, RAW 264.7.
Background
Brucella abortus is a zoonotic pathogen that causes undulant fever, endocarditis, arthritis and osteomyelitis in humans and abortion and infertility in cattle [1, 2] . They are small, non-motile, non-spore-forming Gram-negative rods and facultative intracellular organisms that are very difficult to isolate and have a long latent period that makes early diagnosis after infection impossible. Instead of producing toxins or utilizing classical virulence factors, these microbes are able to grow in phagocytes where they are inaccessible to the host humoral immune response. They also employ several intracellular survival strategies both in professional and nonprofessional phagocytic host cells [3, 4] . Therefore, understanding the interaction between bacterial virulence and the host cell is important to control brucellosis.
Several studies have described the host cell responses to Brucella infection. Genes from macrophage RAW 264.7 demonstrated up-regulation of proinflammatory cytokines and antibacterial response-related chemokines [5, 6] . In contrast, genes involved in cell cycling, apoptosis, and intracellular trafficking were decreased after four hours of B. abortus infection, suggesting the intracellular survival manner of this bacterium [6] . Moreover, microarray analysis of macrophages infected with three Brucella spp. revealed differentially expressed macrophage genes. Such studies discussed the host preference and virulence related to transcriptional responses elicited by this species [7] .
In light of the available information on B. abortus and host interactions, we analyzed the transcriptional responses of macrophage RAW 264.7 infected with B. abortus mutants with defective internalization. Previously, we generated B. abortus mutants with defective host cellular internalization by Tn5 transposome complexes. Their envelope (CE) proteins were analyzed regarding invasion of the macrophages that resulted in the ppk gene and BruAb2_0168 locus, which are associated with expression of the OMP25, OMP28 and Porin2b genes, as well as pleiotropic effects of the ccmC gene [8] . In the present study, we infected the professional phagocyte RAW 264.7 with the B. abortus mutants for four hours. We then compared the early transcriptional responses of the macrophage with those of uninfected macrophages and macrophages infected with a virulent strain to evaluate the potential entry mechanism of the bacteria and host cellular responses. Possible roles in the cellular responses for the different mutants of B. abortus are discussed.
Methods

Bacterial strains and cell line
The diagnostic reference strain Brucella abortus 1119-3 was provided by the Animal, Plant and Fisheries Quarantine and Inspection Agency in Korea. The internalization defective mutant C10, C29, D6 and D7 were derived from our previous study [8] . Brucellae were cultured in Brucella broth or agar (Difco, USA), and Kanamycin (30 μg/ml) was used when necessary. RAW 264.7, a mouse leukemic monocyte macrophage cell line, was grown at 37°C in a 5% CO 2 atmosphere in DMEM (Invitrogen, USA) containing 10% fetal bovine serum (FBS).
Macrophage infection and RNA preparation
RAW 264.7 cells were infected with each Brucella strain as described previously [8] . Briefly, RAW 264.7 cells were seeded (5 × 10 6 cells per flask) in T75 flasks one day before infection. Macrophages were infected with 1 ml of a stationary phase culture of wild type and mutant B. abortus strains (MOI 1,000:1). One hour post-infection, the cells were washed twice with sterile phosphate-buffered saline (PBS) and incubated with fresh media. After 4 hours of incubation, cells were washed twice with PBS, and the RNA was extracted using the RNeasy mini Kit (Qiagen, Valencia, USA) according to the manufacturer's protocol. After processing with DNase digestion and clean-up procedures, RNA samples were quantified, aliquotted, and stored at −80°C until use. For quality control, RNA purity and integrity were evaluated by denaturing the samples and performing gel electrophoresis, OD 260/280 ratio, and analyzed on the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, USA). To validate the microarray results, an independent experiment was conducted with the same conditions.
Labeling and purification
RNA amplification, labeling, array hybridization, and scanning were carried out by Macrogen Inc. (Seoul, Republic of Korea). Total RNA was amplified and purified using the Ambion Illumina RNA amplification kit (Ambion, Austin, USA) to yield biotinylated cRNA according to the manufacturer's instructions. Briefly, 550 ng of total RNA was reverse-transcribed to cDNA using a T7 oligo(dT) primer. Second-strand cDNA was synthesized, transcribed in vitro, and labeled with biotin-NTP. After purification, the cRNA was quantified using the ND-1000 Spectrophotometer (NanoDrop, Wilmington, USA).
Hybridization and data export 1.5 μg of labeled cRNA samples were hybridized to each mouse-6 expression bead array for 16-18 h at 58°C, according to the manufacturer's instructions (Illumina, Inc., San Diego, USA). Detection of the array signal was carried out using Amersham fluorolink streptavidin-Cy3 (GE Healthcare Bio-Sciences, Little Chalfont, UK) following the bead array manual. Arrays were scanned with an Illumina bead array Reader confocal scanner according to the manufacturer's instructions. Array data export processing and analysis were performed using Illumina BeadStudio v3.1.3 (Gene Expression Module v3.3.8).
Raw data preparation and statistic analysis
The quality of hybridization and overall chip performance were monitored by visual inspection of both internal quality control checks and the raw scanned data. Raw data were extracted using the software provided by the manufacturer (Illumina GenomeStudio v2009.2 (Gene Expression Module v1.5.4)). Array data were filtered by detection, p-value < 0.05, (similar to signal to noise) in at least 50% samples. We applied a filtering criterion for data analysis; a higher signal value was required to obtain a detection p-value < 0.05. A selected gene signal value was transformed by logarithm and normalized by the quantile method. The comparative analysis between the test sample and control sample was carried out using fold-change.
Go-ontology analysis for a list of significant probes was performed using Protein Analysis Through Evolutionary Relationships (PANTHER) (http://www.pantherdb.org/ panther/ontologies.jsp), text files containing Gene ID lists, and access numbers of illumina probe IDs. Gene Set Enrichment Analysis (GSEA) was performed to determine a priori if a defined set of genes showed a differential pattern for both biological processes and molecular function states. The one-tail Fisher Exact test was adopted to measure the gene-enrichment in annotation terms. All data analysis and visualization of differentially expressed genes were conducted using R 2.4.1 (www.r-project.org).
Validation of microarray results
To validate the microarray results, 3 samples with increased genes, 3 samples with decreased genes, and 6 randomly selected genes (Table 1 ) from infected macrophages with differential expression were submitted to quantitative real time RT-PCR. Total RNA from the macrophage, the remainder used for microarray analysis, was reverse transcribed using the SuperScript® VILO™ cDNA synthesis Kit (Invitrogen, USA) according to the manufacturer's protocol. RT-PCR reaction was performed with 1 μl of cDNA using the Rotor-Gene SYBR Green PCR kit (Qiagen) and Rotor-Gene Q real time PCR cycler (Qiagen). Amplification was done for 35 cycles at 95°C for 15 sec followed by 45 sec at 60°C with fluorescence detected during the extension phase. The expression level was determined by the 2 -ΔΔCt method [9] using a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as a reference. The relative expression level was compared to a respective uninfected macrophage control to determine the expression-fold change of each gene.
Results
Microarray analysis of differentially expressed genes following infection
This study used microarrays to analyze early transcriptional responses of murine macrophage cell line infected with wild type or mutant B. abortus using the Illumina Mouse WG-6 v2 Expression BeadChip which covers more than 45,000 transcripts. The threshold value for the microarray was chosen with an expression change of ≥1.5 or ≤1.5 -fold of both up-and down-regulated genes within a p-value of less than 0.05. Based on this criterion for selection, the 147, 115, 145, 157 and 152 genes were up-regulated and the 36, 21, 42, 64 and 57 genes were down-regulated in B. abortus 1119-3, C10, C29, D6 and D7 infected macrophages, respectively ( Figure 1 ). Among the 30,854 genes analyzed, only the 183 (0.59%), 136 (0.44%), 187 (0.61%), 221 (0.72%) and 209 (0.68%) genes had altered expression levels in macrophages infected with the B. abortus strains 1119-3, C10, C29, D6 and D7, respectively.
The 20 most up-regulated and down-regulated genes are listed in Table 2 and 3, respectively. The Cxcl2 gene, chemokine (C-X-C motif) ligand 2, was the most upregulated gene with more than a 20-fold change in each experimental group. Additional genes that were strongly induced by B. abortus infection were related to immunity and defense (Tnf, Nfkbiz, Ier3, Ccl2, Ccl7, Il1b, Cish and Nfkbia), apoptosis (Tnf, Phlda1, Il1b, Cish and Nfkbia), signal transduction (Cxcl2, Traf1, Gpr84, Gpr109a, Marcks11 and Socs3) and cell proliferation and differentiation (Il1b, Nfkbia and Edn1). These genes included Irg1, a previously described lipopolysaccharide (LPS)-inducible gene through a protein kinase C regulated pathway in macrophages [10] . Unlike the up-regulated genes, there were no genes with decreases of more than a 3.0 fold change. The major genes down-regulated in the mouse macrophage cell line were related to signal transduction (Cxcr4, 5430435G22Rik, Tspan14 and Fblim1), developmental processes (Enc1), cell structure and motility (Cxcr4, Enc1 and Fblim1), nucleic acid metabolism (BC039093 and Phf17) and oncogenesis (Fblim1 and Phf17). Most of the top 20 down-regulated genes belonged to the biological process unclassified group (Cytip, Klhl6, Slc40a1, Tmem86a, Tmem51, Lhfpl2, Slc37a1, C130050O18Rik, AI595366, B930041F14Rik, LOC100045981, Arrdc3 and Lzts2). However, unlike in the up-regulated genes, signal transduction was involved in intracellular protein traffic and cell adhesion mediated signaling.
Gene enrichment and functional annotation analysis
To detect coordinated changes in pre-specified sets of related genes, gene enrichment and functional annotation were analyzed. Differentially expressed genes were categorized by biological process and molecular function state using the PANTHER classification database by means of Fisher's exact test.
As a result, 8 biological process categories (signal transduction, immunity and defense, apoptosis, cell proliferation and differentiation, developmental process, cell cycle, cell structure and motility and oncogenesis) and 3 molecular function categories (signaling molecule, receptor and kinase) were found to be associated with early transcriptional changes following B. abortus infection (Figure 2 and 3) . A full list of genes with altered expression levels is provided in Additional files 1 and 2. Most of the up-regulated genes involved in the signal transduction category were cytokines (Tnf, Il1a, Il1b, Ltb and Csf2) and chemokines (Cxcl2, Ccl2, Ccl7, Ccl3 and Ccl9), which are also related to host immune response and defense, similar to the previously reported transcriptional analysis of B. melitensis infected macrophages [7] . Like the proinflammatory cytokines and chemokines, genes involved in the apoptosis category (Fas, Traf1 and Ripk2) showed an increased transcription level as a response to an intracellular pathogen. This is a useful way for the host to eliminate infected cells, decreasing the likelihood of spread of the infection to neighboring cells and preventing pathogenicity. However, several genes involved in the inhibition of apoptosis (Cish and Socs3) were up-regulated as an effort to enhance bacterial survival in the host cell. In the signal transduction category, Gpr84, Gpr109a and Adora2b genes related to G-protein coupled receptors (GPCRs) were up-regulated following B. abortus infection.
In contrast to the up-regulated genes, genes downregulated in the signal transduction category were Rab40c, Rin2 and 5430435G22Rik, small GTPases which mediate intracellular trafficking of this bacterium without affecting internalization [11] . These were also downregulated in macrophages infected with other Brucella spp. [7] . Although more than 50% of the down-regulated genes were categorized as unclassified, cytohesin 1 interacting protein (Cytip), a membrane-bounded organelle that carries materials newly ingested by endocytosis and passes many of the materials to lysosomes for degradation, was down-regulated. In addition, genes related to ubiquitination were down-regulated (Arrdc3 and Fbxo21), suggesting the survival strategy of this bacterium.
Differentially expressed genes in internalization defective mutant infected cells compare to wild type infected cell
To analyze the genes with altered transcription between wild type and mutant infected macrophages, we plotted the median of the normalized hybridization signals of the wild type infected cells against the cells infected with the four other mutants (Figure 4 ). As shown in the graphs, most of the genes in each mutant infected group lie within a diagonal where expression is equivalent between the groups, indicating that the majority of genes are expressed at similar levels when compared to the wild type infected group. There was no up-regulated gene in the mutant infected groups compared to the wild type infected group. There were 6 (Il1b, Lcn2, Cxcl2, Edn1, Ccl2 and Ccl7) and 1 (Rn18s) downregulated genes in the groups infected with mutants C10 and D7 compared to the wild type infected group, respectively. However, only two genes, Cxcl2 (Chemokine C-X-C motif ligand 2) and Ccl2 (Chemokine C-C motif ligand 2) in the C10 infected group were statistically significant (P < 0.05). These genes are chemotactic for polymorphonuclear leukocytes and monocytes to the sites of infection.
Validation of microarray data
To confirm the microarray data, we performed quantitative RT-PCR with randomly selected genes. We selected Irg1, Fas and Ccl4 genes from the up-regulated gene group and Rab40c, Rin2 and Rab27a genes from the down-regulated gene group. We could validate the microarray data because all genes tested by qRT-PCR showed more fluctuation (increased or decreased) than the microarray data, but in the same direction ( Figure 5 ). We also attempted to analyze the significant changes in mutant infected cells compared to wild type infected cells with qRT-PCR data from Rab40c, Rin2 and Rab27a, which showed both more or less than 1.5-fold changes according to the infected strains with microarray data. However, we could not detect any significant changes in the mutant infected groups compared to the wild type infected group, as shown in the microarray analysis data.
Discussion
Understanding the host-pathogen interaction is very important to reveal the mechanisms of the pathogen related to global host gene regulation during infection, genomics, and mechanisms of secretion of bacterial virulence factors, especially for intracellular bacteria.
Microarray is a powerful tool that can increase our knowledge about the host-pathogen interaction by investigating host responses to the pathogen infection and vice versa [12, 13] . B. abortus is an intracellular pathogen that can survive and replicate within host macrophages. In light of this, to investigate the host-pathogen interaction of our internalization defective B. abortus mutants described previously [8] , we performed microarray analysis with 30,854 murine genes following B. abortus infection of the RAW 264.7 macrophage. As four hours of infection was enough to elicit specific transcriptional responses in macrophages infected with different Brucella spp. [7] , we also analyzed the macrophages following four hours of infection. The overall transcriptional profile was similar to the previous study of infected B. abortus strain 2308 [6] , although we used different microarray chips covering more than 30,000 genes. However, we found that some genes involved with the G protein coupled receptor (GPCR) showed an increased expression level compared to the non-infected group. The G protein-coupled receptor 84 (GPR84) is induced in monocytes and macrophages and functions as a specific receptor for mediumchain free fatty acids (FFAs) of C 9 to C 14 length. It also amplifies LPS-stimulated IL-12 p40 production and is coupled to a pertussis toxin-sensitive G i/o pathway once activated [14] . The pertussis toxin is secreted by the pertussis toxin liberation (Ptl) type IV secretion system (T4SS) of Bordetella pertussis [15] and results in accumulation of intracellular cyclic adenosine monophosphate (cAMP) [16] . This result suggests that the virB type IV secretion system (T4SS) of B. abortus, which is core virulence factor of this bacterium [17] as well as a mediator for host innate immune response [18] , might secret some effector molecules that acts to increase intracellular cAMP for intracellular survival [19] via GPCR of the host cell. The other GPCR, GPR109A, is a member of the nicotinic acid receptor family of GPCRs that reduces the level of intracellular cAMP following inhibition of lipolysis in adipocytes [20] . Moreover, the effects of nicotinic acid on macrophages, spleen and probably adipocytes are mediated via an identical, unique G protein-coupled receptor [21] . This suggests that B. abortus may utilize the GPCR system to prevent lipolytic processing within phagosomes in spite of cAMP reduction. As the previous study showed, the regulator of G protein signaling 2 (RGS2) expression was induced following B. abortus infection [22] . We also found several regulators of G protein signaling (Arhgef3, Rassf4 and Rgs16) with increased expression levels, although the precise mechanism remains to be elucidated. Taken together, these alterations in the G protein mediated signaling system may result in increased survival of B. abortus within the macrophage.
Interestingly, Cxcr4, a gene coding chemokine (C-X-C motif ) receptor 4 (CXCR4), was down-regulated, whereas other chemokine-mediated genes had been up-regulated. As the CXCR4 expression is reduced by inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) [23] , we considered this a consequence of up-regulation of Tnf and Il1b. However, a recent study showed that extracellular ubiquitin is a natural ligand of CXCR4 [24] , and we also found up-regulated (Znrf1, Herpud1 and Socs3) and down-regulated (Cxcr4, Fbxo21 and Rab40c) genes involved in the ubiquitin-proteasome system. Although CXCR4 is a member of GPCR, which could affect the other signaling cascades, and a receptor for extracellular ubiquitin, it has been shown that cellular uptake of extracellular ubiquitin results in its covalent conjugation to intracellular proteins of the target cell [23, 25] . In light of this, the exact function of remaining genes is not fully understood, yet we may speculate that the host cell utilizes the ubiquitin-proteasome system in an effort to clear this pathogen and controlling this system is a bacterial survival strategy.
Gadd45 is a growth arrest and DNA damage gene and includes Gadd45a, Gadd45b and Gadd45g. A previous study found that Gadd45a was induced in response to DNA damage and function to inhibit the growth of damaged cells in Brucella infected macrophages [6, 7] . In addition, increased expression of Gadd45b was observed, indicating the regulatory roles of activated macrophages against Brucella infection [7] as well as anti-apoptotic activity since Gadd45a-and Gadd45b-deficient mice were sensitized to genotoxic-stress-induced apoptosis [26] . In this study, we also observed increased expression of both Gadd45a and Gadd45b; however, we found the expression level of Gadd45g gene was decreased. Gadd45a, Gadd45b and Gadd45g serve similar, but not identical, functions along different apoptotic and growth inhibitory pathways [27, 28] and Gadd45g acts as a positive mediator of apoptosis in response to genetic and environmental stress [29, 30] . This suggests Gadd45g was down-regulated to protect against apoptosis, though the outcomes of Gadd45 function are determined by the stress stimulus encountered, cell type, and interactions with other proteins [26] .
In spite of these novel genes identified with altered expression levels compared to uninfected macrophages, we could not detect any genes that changed in a different direction. Only two genes (Cxcl2 and Ccl2) in the mutant C10 infected group were slightly decreased in the same direction as wild type infected macrophages. As our mutants did not show a fully defective internalization phenotype or complete deletions in bacterial cellular envelope components [8] , we assumed that a very small amount of bacteria could elicit a response in the host cell. However, considering both Salmonella typhimurium infected macrophages and purified LPS inducted macrophages showed similar changes in gene expression [31] and all of mutants used in this study were smooth strains, we concluded that an internalization deficiency in B. abortus would not affect transcriptional changes in macrophages if there was LPS contained. This is consistent with a previous study that showed few transcriptional changes in macrophages infected with different Brucella species including both smooth (B. melitensis and B. neotomae) and rough LPS strains (B.ovis) [7] .
